The associated photoproduction of KΛ from the proton in the energy region of Eγ < 3 GeV is studied using an isobar model in which the non-resonant contributions corresponding to the s, t, u channel diagrams are obtained from a non-linear sigma model with chiral SU(3) symmetry. The model also predicts a contact term and its coupling strength in a natural way to preserve the gauge symmetry. The present model is an extension of the non-linear sigma model with chiral SU(2) symmetry, used earlier to study the photo, electro and neutrino productions of mesons. The important parameters used in this model are the pion decay constant fπ and the vector and the axial vector current couplings of the baryon octet in terms of the symmetric and antisymmetric couplings D and F , determined from the electroweak phenomenology of nucleons and hyperons. In the non-resonant sector, the model is almost parameter free except a common cut-off parameter ΛB, which is used to describe the hadronic form factors at the strong kaon-nucleon-hyperon (KN Λ) vertices.
I. INTRODUCTION
The theoretical and the experimental study of the associated photoproduction of kaon-hyperon KY ; (Y = Λ, Σ) system on the proton was started almost 60 years ago [1] [2] [3] [4] [5] . Out of the three isospin channels of the kaon-hyperon photoproduction from the proton, viz. γ + p −→ K + + Λ, K + + Σ 0 , K 0 + Σ + , the KΛ production is the most studied one. The experimental measurements of the cross section and the polarization observables, although initially being scarce with large uncertainties [2, 3, 5] , are now available with improved statistics and better precision [6] [7] [8] [9] [10] [11] [12] [13] . Since the threshold for the KΛ production is 1.61 GeV, therefore, the study of this process (and in general, the study of KY production), gives important information about the nucleon resonances, even in the third resonance region, which is not available from the study of N π and N η production processes. Unlike the N π and N η productions where P 33 (1232) [14] and S 11 (1535) [15] resonances, respectively, make the dominant contribution, there is no dominant resonance contributing to the KΛ production and a large number of resonances may couple to this channel [16] [17] [18] [19] [20] .
There are many resonances predicted in various models which are not observed in the pion-nucleon or electronnucleon scattering processes [21, 22] , and one may get information about these resonances from the study of KΛ production process. Along with the real photons, the KΛ production has also been studied using electrons, where the virtual photon interacts with the proton. Experimentally, the measurements of the scattering cross sections, response functions and the polarization observables for the electron induced KΛ production process have been done by CLAS [23] [24] [25] , MAINZ A1 [26] , JLab Hall-C [27] collaborations and several theoretical calculations for this process exist in the literature [18, [28] [29] [30] [31] [32] .
With the availability of high intensity photon and electron beams at the Electron Stretcher System (ELSA) Germany, Thomas Jefferson National Accelerator Facility (TJNAF) US, Super Photon Ring -8 GeV (SPring-8) Japan, European Synchrotron Radiation Facility (ESRF) France and Mainz Microtron (MAMI) Germany, it has been possible to precisely measure the cross sections and the polarization observables in SAPHIR [8] , CLAS [9, 10] , LEPS [11] , GRAAL [12] and MAMI-C [13] experiments. There exists some disagreement between CLAS and SAPHIR data in the differential scattering cross section especially in the forward angle region as well as in the total scattering cross section in the center of mass (CM) energy range W ≥ 1.7 GeV. Moreover, the forward angle data from CLAS 2006 [9] and CLAS 2010 [10] also do not agree with each other in the kinematic region of W < 1.84 GeV. However, the data from SAPHIR 1998 [7] , SAPHIR 2004 [8] and MAMI-C [13] are fairly consistent with each other. LEPS [11] and GRAAL [12] have also studied KΛ production with the polarized photon beams which has not been considered in this work.
Theoretically γ(γ * )p −→ K + Λ process has been studied in various models, for example, the quark model [33] [34] [35] , chiral unitary model [36] , coupled channel model [37] [38] [39] [40] and the isobar model [16-19, 28-30, 41-59] , etc. Among these models, one of the widely studied model in recent times is the isobar model developed by various groups, for example, Saclay-Lyon (SL) [28, 30] , Kaon-MAID (KM) [42] , Ghent-Isobar [19, 43, 44] , BS1 [17] , BS3 [18] , Mart [16, 31, 46] and others [29, 41, 45, 47, [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] . The quark model is based on the quark degrees of freedom and assumes the extended structure of the baryons, in which the resonance contribution is taken through the excited states of the quarks. Hence, the quark model requires limited number of parameters. In the chiral models, the application of the chiral symmetry treats the pseudoscalar meson as the Goldstone boson and the Lagrangians for the meson-baryon system is obtained in the chiral limit. These models are best suited to calculate the KΛ production in the threshold region but can be extended to higher energies using chiral unitary models [36] . In the coupled channel models, the meson-baryon final state interactions are explicitly included. For example, the photoproduction of KΛ may take place through the production of the intermediate states i.e. γp → πN → KΛ. The intermediate state can be any strangeness conserving meson-baryon combination like N π, N η, KΛ, KΣ, etc. In the isobar models, mostly using an effective Lagrangian approach, the hadronic current consists of the non-resonant Born terms (s, t and u channels) and the resonance exchanges in s, t and u channels. In some versions of the isobar models, in which the pseudovector coupling is used for describing the meson-nucleon interactions, the contact term also appears. The final state interactions are not considered in the isobar models as they are based on the effective Lagrangians, except in a few calculations [60, 61] . The various isobar models are different from each other in many ways and are classified on the basis of their treatment of the non-resonant terms and the resonance terms.
In the case of non-resonant terms considered in the s, t and u channels, the various models based on the effective Lagrangian differ in describing the meson-nucleon-hyperon interactions using either the pseudoscalar or the pseudovector coupling and the way in which the requirement of gauge invariance is implemented. The extensive studies made in the photo-and electro-production of pions in a wide energy range extending from the threshold to high energies have demonstrated that the pseudovector coupling is to be preferred over the pseudoscalar coupling as it reproduces the low energy theorems (LET) predicted by the partially conserved axial vector current (PCAC) hypothesis and current algebra as a consequence of the chiral symmetry of strong interactions which are consistent with the experimental observations [62] . Moreover, the choice of the pseudovector coupling also predicts the existence of contact term, which has been considered in the present work, and it facilitates the understanding of LET and helps to implement the requirement of gauge invariance. However, in the presence of hadronic form factors at the strong vertex, the implementation of gauge invariance necessitates additional assumptions about the momentum dependence of the hadronic form factors. On the other hand, in the case of the associated photoproduction of KY , there has been no calculation using effective Lagrangians based on chiral SU(3) symmetry though it has been used in describing some other processes involving kaons [63, 64] . In the case of photoproduction of kaons, where the effective Lagrangians are used in the isobar model, both the pseudoscalar and pseudovector couplings have been used in many calculations in the absence of any theoretical preference for the pseudovector coupling.
In the case of resonance terms, the difference arises mainly due to the number of resonances taken into account in the intermediate states and the determination of their electromagnetic couplings to the photons and their strong couplings to the meson-nucleon systems i.e. RKY , while calculating the transition amplitude. For example, the Saclay-Lyon model [28, 30] has taken into consideration, spin 1 2 , 3 2 and 5 2 nucleon resonances in the s channel, K * and K 1 in the t channel and spin 1 2 lambda and sigma resonances in the u channel. The Kaon-MAID model [42] uses spin 1 2 and 3 2 nucleon resonances in the s channel, K * in the t channel and no hyperon resonance in the u channel. The Ghent model [19, 43, 44] uses three different ways to fit the experimental data from SAPHIR [8] for the KΛ channel: (i) assuming SU(3) symmetry and without considering the hyperon resonances, (ii) assuming SU(3) symmetry and with hyperon resonances, and (iii) without assuming SU(3) symmetry and without hyperon resonances. In all the three prescriptions, spin 1 2 and 3 2 nucleon resonances are taken in the s channel. In BS1 and BS3 models [17, 18] , spin 1 2 , 3 2 and 5 2 nucleon resonances are taken in the s channel, K * and K 1 in the t channel and spin 1 2 and 3 2 lambda and sigma resonances in the u channel.
Other than these models, Regge model [65, 66] , where particles are replaced by their Regge trajectories to extend the model to higher energies, is also used to study the KΛ production, but its applicability is restricted to higher energies (3 GeV ≤ E γ ≤ 16 GeV). Also, there are hybrid models that combine the Regge and resonance models to study the photo-and electro-productions at high energies [67] .
In view of the above discussion, in this work, we present an isobar model to study the photon induced KΛ production on the proton. In this model, an effective Lagrangian based on the chiral SU(3) symmetry has been used to obtain the non-resonant terms consisting of s, t and u channel diagrams and the Lagrangian also generates the contact term as a requirement of the underlying symmetry. The non-linear sigma model with chiral SU(2) symmetry has been earlier used in the calculations of single pion production induced by electron, neutrino and antineutrino [14, 68, 69] , and has been extended to the chiral SU(3) symmetry to calculate the single kaon production induced by electron and neutrino [63, 64] , single antikaon production induced by positron and antineutrino [64, 70] , eta production induced by neutrino and antineutrino [15] .
In addition to the non-resonant terms, we have also considered various nucleon, hyperon and kaon resonances giving rise to KΛ in the final state. Only those nucleon resonances are taken into account which are present in the particle data group (PDG), and having spin ≤ 3 2 , mass in the range 1.6 − 1.9 GeV and non-vanishing branching ratio in KΛ decay mode (see Table I ). In the case of nucleon resonances, the electromagnetic couplings are determined in terms of the helicity amplitudes and the strong RKΛ couplings are determined by the partial decay width of the resonance decaying to KΛ. Two spin 1 2 hyperon resonances viz. Λ * (1405) and Λ * (1800) are taken in the u channel. In the t channel, K * (892) and K 1 (1270) are taken into account. The t and u channel resonances along with the nonresonant contributions constitute the background part of the hadronic current. Due to the lack of the experimental data on the kaon and hyperon resonances, the strong and electromagnetic couplings of u and t channel resonances are not well determined phenomenologically and are, therefore, varied for fitting the data from CLAS [9, 10] and SAPHIR [7, 8] experiments. The numerical results are presented and compared with CLAS and SAPHIR data for the total and differential scattering cross sections. We have also compared the results of the present work with the various theoretical models available in the current literature, like the Regge model [65, 66] , chiral unitary model [36] , Saclay-Lyon model [28, 30] , Kaon-MAID model [42] , Ghent model [19, 43, 44] , BS1 [17] and BS3 [18] models. The major advantage of the formalism developed in the present model is that, it makes use of many physics inputs available from various experimental observations on the electroweak and strong interaction phenomenology of mesons and baryons and involves very few parameters to reproduce the data. Specifically, the model has the following features:
i) The contact term in the non-resonant contribution occurs naturally in the model with the strength of its coupling predicted by the model.
ii) A common cut-off parameter Λ B is used in all the form factors appearing at the strong meson-nucleon-hyperon vertices for all the background terms. The background terms consist of the s, t and u channel Born terms, contact term as well as the t and u channel resonance terms.
iii) All the resonances included in the s channel, viz. S 11 (1650), P 11 (1710), P 13 (1720), P 11 (1880), S 11 (1895) and P 13 (1900), are the well established resonances with definite mass, decay width, branching ratio in KΛ channel given in PDG [71] .
iv) The partial decay width of the resonances into KΛ channel from the PDG [71] is used to determine the strength of the strong couplings of the resonance (R) to the KΛ channel, using an effective Lagrangian approach.
v) The helicity amplitudes of the resonances S 11 (1650) and P 13 (1720) are taken from MAID [72] , and for the rest of the s channel resonances, the helicity amplitudes are taken from PDG [71] (Table II) . These amplitudes are used to determine the strength of the electromagnetic couplings at the γN R vertex.
vi) A common cut-off parameter Λ R is used to describe the hadronic form factors at the strong RKΛ vertex in the case of the nucleon resonances constituting the resonance terms in the s channel.
vii) The coupling strengths of the t and u channel resonances (see Table III ) are fitted to reproduce the experimental results, using the same cut-off parameter Λ B to describe the hadronic form factors at the strong vertex.
In Sect. II, the formalism for the KΛ production induced by the real photons on the proton has been presented, where we discuss the contribution to the hadronic current arising due to the non-resonant and resonance diagrams. Sect. II B focuses on the non-resonant terms, determined by the non-linear sigma model assuming the chiral SU(3) symmetry. The structure of the nucleon, hyperon and kaon resonances and their couplings are discussed in Sect. II C. The results and their discussions are presented in Sect. III, and Sect. IV gives a summary and concludes the present findings.
II. FORMALISM
In this work, we have studied the KΛ photoproduction on the proton,
where the quantities in the parentheses represent the four momenta of the corresponding particles. In Sect. II A, we give the general discussion for the evaluation of the matrix element and cross section in the CM frame. Following the standard terminology, the background terms consist of all the non-resonant terms contributing in the s, t and u channels and the contact term as well as the contributions from the resonance terms in the t and u channels. The non-resonant terms are determined using the non-linear sigma model and the chiral SU(3) symmetry, discussed in Sect. II B while the contributions from the hyperon and kaon resonances are discussed in Sects. II C 3 and II C 4, respectively. The nucleon resonances with spin 1 2 and 3 2 in the s channel constitute the resonance contribution of the hadronic current and are discussed in Sects. II C 1 and II C 2, respectively.
A. Matrix element and cross section
The differential scattering cross section for the photoproduction process given in Eq. (1) is written as
where E k and E Λ , respectively, are the energies of the outgoing kaon and lambda. |M r | 2 is the square of the transition matrix element M r , for photon polarization state r, averaged and summed over the initial and final spin states. M r is written in terms of the real photon polarization vector ǫ r µ and the matrix element of the electromagnetic current taken between the hadronic states of |p and |KΛ , i.e.
where e = √ 4πα is the strength of the electromagnetic interaction, with α = 1 137 being the structure constant. In the case when the photon polarization remains undetected, the summation over all the polarization states is performed which gives
If the polarization states of the initial and the final baryon also remain unmeasured, then the hadronic tensor J µν may be written in terms of the hadronic current J µ as
where M and M Λ are the masses of the proton and lambda, respectively. The hadronic matrix element of the electromagnetic current J µ receives the contribution from the background terms and resonance terms. Using Eqs. (4) and (5), the transition matrix element squared is obtained as
Following the above expressions, the differential scattering cross section dσ dΩ in the CM frame is written as
where s is the CM energy squared obtained as
E γ is the energy of the incoming photon in the laboratory frame. The center of mass energies of the initial and the final particles are obtained as In the CM frame as shown in Fig. 1 , | q| = | p| and | p k | = | p ′ | which are given by [71] :
with λ(a, b, c) being the Callan function, expressed as
Assuming the incoming photon to be along the z-axis, the energy and three momentum of the incoming and the outgoing particles is expressed as:
where θ CM k is the scattering angle between the photon and kaon measured in the CM frame.
B. Non-resonant contribution
The non-resonant contributions are obtained using the non-linear sigma model assuming the chiral SU(3) symmetry, which involves the low-lying baryons and mesons. This model implements spontaneous breaking of chiral symmetry [73] [74] [75] [76] . In the SU(3) version of the model, it generates the octet of pseudoscalar mesons π, K and η as well as the interaction Lagrangians for the meson-meson and meson-baryon interactions [73, 74] .
The non-linear σ model
The gauge invariant QCD Lagrangian in the limit of the vanishing quark masses is given by,
where q denotes the spinor for the quarks, G α µ is the vector gluon field, G α µν is the gluon field-strength tensor with α as the color index and g is the quark-gluon coupling strength. We consider only the light quarks viz. u, d and s for which the Lagrangian has a global symmetry,
where, the subscript L and R denotes the left and the right handed quark fields, respectively. G χ is the chiral group for QCD. However, if such a symmetry exists, one would observe parity doublets of the SU (3) multiplets of particles.
Although SU (3) flavor symmetry has been observed but there is no evidence of parity doubling at least for the light hadrons like pions. Therefore, one of the chiral symmetry G χ has to be spontaneously broken. In the present case, the breaking of the chiral symmetry leads to the appearance of the Goldstone bosons. These Goldstone bosons in the case of SU (3), are light pseudoscalar mesons like pions, kaons and eta.
In order to get the Lagrangian which describes the dynamics of these pseudoscalar mesons, we need continuous fields which are described in terms of these Goldstone modes. The elements of SU (3) are written in terms of a unitary matrix
where Θ k ; (k = 1 − 8) are the real set of parameters and λ k are the traceless, Hermitian 3 × 3 Gell-Mann matrices. Each Goldstone boson corresponds to the x-dependent cartesian component of the fields, φ k (x), which in turn, is expressed in terms of the physical fields as
For the baryons, we follow the same procedure as we do for the mesons. However, unlike the pseudoscalar mesons where the fields are real, in the case of B matrix each entry is a complex-field and the general representation is given by,
After getting the parameterization of pseudoscalar meson octet Φ(x) in Eq.( 13) and baryon octet B(x) in Eq. (14), we now discuss the construction of Lagrangian for meson-meson, baryon-meson interactions and their interaction with the external fields.
Meson -Meson Interaction
The lowest-order SU (3) chiral Lagrangian describing the pseudoscalar mesons in the presence of an external current is obtained as [73, 74] 
where f π (= 92.4 MeV) is the pion decay constant obtained from the weak decay of pions, i.e., π ± → µ ± ν µ (ν µ ). The covariant derivatives D µ U and D µ U † appearing in Eq. (15) are expressed in terms of the partial derivatives as
where U is the SU(3) unitary matrix given as
where Φ(x) is given by Eq. (13) and the left-(l µ ) and right-(r µ ) handed currents (for SU (3) case) appearing in Eq. (16) are expressed as
A µ is the electromagnetic four-vector potential and 'Q' is the SU (3) quark charge given bŷ
In the next section, we briefly discuss the interaction of baryons with the pseudoscalar mesons as well as with the external fields.
Baryon -Meson Interaction
To incorporate the baryons in the theory, we have to take care of their masses which do not vanish in the chiral limit [77] . However, if we take nucleons as massive matter fields which couples to external currents and the pseudoscalar mesons, we have to then expand the Lagrangian according to their increasing number of momenta. Here, we shall present in brief the extension of the formalism to incorporate the heavy matter fields.
The lowest-order chiral Lagrangian for the baryon octet in the presence of an external current may be written in terms of the SU (3) matrix B as [73, 74] ,
where M denotes the mass of the baryon octet, D = 0.804 and F = 0.463 are the axial vector coupling constants for the baryon octet determined from the semileptonic decays of neutron and hyperons [78] , the matrix B is given in Eq. (14) and the Lorentz vector u µ is given by [74] :
In the case of meson-baryon interactions, the unitary matrix for the pseudoscalar field is expressed as
and the covariant derivative of B is given by
Using Eqs. (13), (14), (20) and (21) in the general expression of the Lagrangian given in Eq. (19), the Lagrangians for the desired vertices involved in the meson-baryon interactions among themselves and with the external fields are obtained. Some of the Lagrangians using chiral SU(3) symmetry relevant for the present work, are derived to be:
where e p and e Λ , respectively, represents the electric charge of proton and lambda,p andΛ represent the outgoing proton and lambda fields, p and Λ represent the incoming proton and lambda fields, A µ represents the electromagnetic field with electric charge e and K † and ∂ µ K † represent the kaon field and covariant derivative of kaon field, respectively. The above Lagrangians are obtained assuming the baryons to be point particles. Since the baryons are composite particles, therefore, there is a charge distribution and the magnetic coupling appears. Moreover, in the case of virtual photons, these electric and magnetic couplings acquire q 2 dependence.
Current for the non-resonant terms
The hadronic currents for the various non-resonant terms shown in Fig 2(a) -(d) are obtained using the non-linear sigma model described in the above sections. The expressions of the hadronic currents for the different channels are obtained using the Lagrangians given in Eqs. (22)- (25) and are expressed as [14, 68] : where CT stands for the contact term and s, t, u are the Mandelstam variables defined as
and s is defined in Eq. (8) . A i 's; i = s, t, u, CT are the coupling constant of s, t, u channels and the contact terms, respectively, and are obtained as
All these couplings of non-resonant terms are generated by the chiral symmetry and are fixed by the low energy electroweak phenomenology consistent with experimental data. The values of e and κ for proton, lambda and sigma are e p = 1, e Λ = 0, e Σ 0 = 0, κ p = 1.793, κ Λ = −0.613,
In order to take into account the hadronic structure, the form factors F s (s), F t (t), F u (u) and F CT , are introduced at the strong vertex. Various parameterizations of these form factors are available in the literature [17] , however, we use the most general dipole form, parameterized as [16] :
where Λ is the cut-off parameter taken to be same for all the background terms, i.e. Λ = Λ B whose value is fitted to the experimental data, x represents the Mandelstam variables s, t, u and M x = M, M k , M Y , corresponds to the mass of the baryons and mesons exchanged in the s, t, u channels.
One of the most important property of the electromagnetic current is the gauge invariance which corresponds to the current conservation. The total hadronic current for the non-resonant terms is given by
The condition to fulfill gauge invariance is
In the absence of the hadronic form factors (F s = F t = F u = F CT = 1), if we consider only the s, t, u channel Born terms, i.e.
The condition given in Eq. (36) is then applied to J µ as defined in Eq. (37) in which the individual currents are defined in Eqs. (26)- (29) . Using the coupling constants obtained in our model from Eqs. (32) and (33), we obtain
The above expression shows that in the presence of only s, t, u channel contributions, the hadronic current is not gauge invariant. However, when the contribution from the contact term i.e. J µ | CT is added, we obtain q µ J µ = 0 and J µ satisfies the gauge invariance. The present model, thus, predicts the strength of the coupling of the contact term in such a way that the gauge invariance is satisfied in a natural way. On the other hand, in most of the effective Lagrangian used in the other isobar models with pseudoscalar and/or pseudovector interactions, the coupling strengths are manifested to obtain the gauge invariance.
As the hadronic form factors are taken into account in the hadronic current, the condition for gauge invariance gives
From the above equation, it is evident that due to the presence of hadronic form factor, the hadronic current is not gauge invariant. There exist different prescriptions to restore gauge invariance used in various models [19, 43, 79] .
In the present work, we have used the prescription of the gauge invariance restoration given by Naus and Koch [79] . According to Ref. [79] , one should subtract an extra term proportional to q µ from the hadronic current J µ such that gauge invariance is restored. The hadronic current now becomes
The second term in Eq. (40) does not contribute to the matrix element when contracted with the photon current since q µ ǫ µ = 0. There are different prescriptions of the form factor for the contact term given by Ohta [80] , Haberzettl et al. [60] and Davidson and Workman [81] , etc. In the present work, the following prescription for the form factor given by Davidson and Workman [81] for the contact term
is used for the numerical calculations.
C. Resonance contribution
In this section, we discuss the contributions of the different nucleon, kaon and hyperon resonances.
Spin 1 2 nucleon resonances
The hadronic current for the spin 1 2 resonance state is given by j µ
where u(p) andū(p ′ ) are, respectively, the Dirac spinor and adjoint Dirac spinor for spin 1 2 particle and Γ µ 1 2
is the vertex function which for a positive parity state is given by
and for a negative parity is given by
where V µ 1 2 represents the vector current parameterized in terms of F R + 2 , as
The coupling F R + 2 is derived from the helicity amplitude extracted from real and/or virtual photon scattering experiments. The explicit relation between the coupling F R + 2 and the helicity amplitude A p is given by [82] A p
where the upper (lower) sign represents the positive (negative) parity resonance. M R is the mass of corresponding resonance. The value of the helicity amplitude A p 1 2 for S 11 (1650) resonance is taken from MAID [72] while for the other spin 1 2 nucleon resonances, these values are taken from PDG [71] and are quoted in Table II . The most general form of the hadronic currents for the s channel processes where a resonant state R 1 2 with spin 1 2 is produced and decays to a kaon and a lambda in the final state, are written as [69, 83] 
where Γ R is the decay width of the resonance, Γ s = 1(γ 5 ) stands for the positive (negative) parity resonances. g R is the coupling strength for R 1 2 → KΛ, given in Table I . Due to the lack of experimental data, there is large uncertainty associated with RKΛ coupling at the R 1 2 → KΛ vertex. We determine the RKΛ coupling using the value of branching ratio and decay width of these resonances from PDG [71] and use the expression for the decay rate which is obtained by writing the most general form of RKΛ Lagrangian [82] ,
where g R 1 2 KΛ is the RKΛ coupling strength. Ψ is the nucleon field and Ψ R 1 2 is the spin 1 2 resonance field. φ i are the kaon field and τ is the isospin factor for the isospin 1 2 states. The interaction vertex Γ µ 1 2 = γ µ γ 5 (γ µ ) for positive (negative) parity resonance states.
Using the above Lagrangian, one may obtain the expression for the decay width in the resonance rest frame as
where the upper (lower) sign represents the positive (negative) parity resonance. The parameter C depends upon the charged state of R, KΛ and is obtained from the isospin analysis and found out to be 1. | p cm k | is the outgoing kaon momentum measured from resonance rest frame and is given by,
and E Λ , the lambda energy is
where W is the total center of mass energy carried by the resonance. Using Eq. (49), the coupling for R 1 2 → KΛ is obtained and given in Table-I for various spin 1  2 resonances.
Spin 3 2 nucleon resonances
Next, we discuss spin 3 2 resonances exchanged in the s channel process. The general structure for the hadronic current for spin three-half resonance excitation is determined by the following expression
where u(p) is the Dirac spinor for the nucleon, ψ µ (p) is the Rarita-Schwinger spinor for spin three-half particle and Γ 3 2 νµ has the following general structure for the positive and negative parity resonances states:
where V 3 2 is the vector current for spin three-half resonances and is given by
with C p i being the γN R couplings. The couplings C p i ; i = 3, 4, 5 are related with the helicity amplitudes A 1 2 , A 3 2 and S 1 2 by the following relations [82] :
where A 3 2 , 1 2 and S 1 2 are the amplitudes corresponding to the transverse and longitudinal polarizations, respectively. Since in the present work, we have considered KΛ production induced by the real photon, therefore, the amplitude corresponding to the longitudinal polarization vanishes. Thus, in the numerical calculations, we have taken S 1 2 = 0. The fitted values of A 1 2 and A 3 2 have been taken from MAID [72] and PDG [71] for P 13 (1720) and P 13 (1900) resonance, respectively, and are quoted in Table II (with positive or negative parity) is produced and decays to a kaon and a lambda in the final state may be written as [69, 83] :
where Γ s = 1(γ 5 ) for positive (negative) parity resonances, g RKΛ is the coupling strength for R → KΛ (R can be any spin 3 2 resonance given in Table I) , determined from partial decay widths. M R is the mass of the resonance and Γ R is its decay width. For simplicity, we have not taken into account the energy dependent width but the constant values from PDG are taken whose values for different resonances are quoted in Table I . P
3/2
αβ is spin three-half projection operator and is given by
The coupling strength g RKΛ is determined using the data of branching ratio and decay width of these resonances from PDG [71] .
The expression for the decay rate is obtained by writing the most general form of RKΛ Lagrangian [82] , for the different nucleon resonances. The values for S11(1650) and P13(1720) are taken from MAID [72] . For the rest of the resonances, the parameterization of A 1 2 and A 3 2 are not available in MAID and are taken from PDG [71] .
where g RKΛ is the RKΛ coupling strength. Ψ is the nucleon field and Ψ R 3 2 are the fields associated with the spin 3 2 resonances. φ i are the kaon field and τ is isopin factor. The interaction vertex Γ µ 3 2 is 1 for positive parity state and γ 5 for negative parity state. Using the above Lagrangian, one may obtain the expression for the decay width in the resonance rest frame as
where the upper (lower) sign represents the positive (negative) parity resonance state. The parameter C is obtained from the isospin analysis and found out to be 1 for isospin 1 2 state. The expressions for | p cm k | and E Λ are given in Eqs. (50) and (51), respectively.
Using the above expressions for decay width, the couplings for R 3 2 → KΛ are obtained and given in Table-I for the  spin 3 2 resonances considered in this work.
Spin 1 2 hyperon resonances
Along with the nucleon resonance exchange contributions in the s channel, we have also taken into account the hyperon resonances exchanged in the u channel. In the present work, we have taken two lambda resonances, Λ * (1405) and Λ * (1800) with J P = 1 2 − in the u channel. The Lagrangians for the strong and the electromagnetic vertices in the case of Λ * exchange are given as [30, [84] [85] [86] :
Resonances with κ ΛΛ * , the transition magnetic moment between Λ and Λ * . g pKΛ * is the coupling strength at pKΛ * vertex. Γ = 1(γ 5 ) and Γ µ = γ µ (γ µ γ 5 ) for the positive (negative) parity resonances.
Using the above Lagrangians, the hadronic current for the Λ * resonance exchange may be written as
with g = κ ΛΛ * g pKΛ * /f π , M Λ * and Γ Λ * being the mass and the decay width of Λ * . Unlike the nucleon resonances where the strong and electromagnetic couplings are determined phenomenologically by the partial decay width and the helicity amplitudes, respectively, the experimental data is not adequate in the case of hyperon resonances, to determine these couplings. Therefore, the parameter g is treated as a free parameter to be fitted to the experimental data. The values of the different parameters of the Λ * taken in the present model are summarized in Table III .
Spin 1 kaon resonances
In the present work, we have considered two kaon resonances in the t channel: a vector meson K * (892) and an axial vector meson K 1 (1270). The Lagrangians for the electromagnetic and strong vertices, when a vector kaon is exchanged in the t channel, are given by [30, [84] [85] [86] :
the t channel, is given by [30, [84] [85] [86] :
where κ KK1 is the coupling strength of the electromagnetic γKK 1 vertex. The axial vector meson tensor V µν p is defined as V µν p = ∂ ν V µ p − ∂ µ V ν p , with V µ p , the axial vector kaon field. g v K1Λp and g t K1Λp are the vector and the tensor couplings, respectively, at the strong K 1 Λp vertex.
The hadronic current for the axial vector kaon K 1 exchange in the t channel is obtained, using Eqs. (68) and (69), as
are the mass and width of the K 1 resonance, respectively. The values of G v K1 and G t K1 are treated as free parameters to be fitted to the experimental data of the KΛ production and are quoted in Table III .
In analogy with the non-resonant terms, in the case of resonances we have considered the following form factors at the strong vertex, in order to take into account the hadronic structure:
where Λ is the cut-off parameter whose value is fitted to the experimental data, 
III. RESULTS AND DISCUSSIONS
We have used Eq. (7) to numerically evaluate the differential scattering cross section |
In the expression for the transition amplitude M r in the aforementioned equation, we have taken the contributions from the background and the resonance terms and added them coherently. The background terms consist of the non-resonant i.e. s, t, u and contact terms as well as the kaon and hyperon resonances exchanged in the t and u channels. The nucleon resonance terms exchanged in the s channel constitute the resonance contribution. The strong and electromagnetic couplings of the non-resonant terms are predicted by the non-linear sigma model with the chiral SU(3) symmetry. For the s, t and u channels, a dipole parameterization of the hadronic form factor is used while for the contact term, the prescription given by Davidson and Workman [81] is used to maintain gauge invariance. In the case of nucleon resonances, the strong and electromagnetic couplings are determined using various physics inputs available from the strong and electroweak phenomenology as discussed in Sect. II. The strong and electromagnetic couplings of the kaon and hyperon resonances are fitted to reproduce the experimental data available from CLAS and SAPHIR.
In the following, we present the results of the total scattering cross section σ as a function of CM energy W in section III A and the results of the differential scattering cross section 
A. Total scattering cross section
In Fig. 3 , we have presented the results of σ vs. W for the KΛ production on the proton. The contributions from the background terms as well as the total contributions by including the higher nucleon resonances in the s channel considered in this paper (Table I) , are shown in this figure. The individual contribution from the non-resonant terms, contact term contributing to the background term are also shown separately. It may be observed that the contact term is the dominant one among the non-resonant terms. At low and intermediate W i.e. from threshold up to 2 GeV, the contact term has smaller contribution than the total non-resonant contribution, however, at high W , beyond 2 GeV, the contact term has larger contribution than the contribution from the total non-resonant terms. For example, in the peak region, W = 1.7 GeV, individually the contact term is ∼ 25% smaller than the non-resonant terms while at W = 2.6 GeV, the contact terms contributes ∼ 60% more than the non-resonant terms. The contribution of the hyperon and the kaon resonances is small but increases the value of the total cross section. In the inset of this figure, we have also shown the incoherent contribution from the s and u channel non-resonant terms. It may be observed from the figure that the incoherent contributions of the s and u channels are very small as compared to the results of the full model, however, their interference with the contact term and with the different resonances considered in the s channel when all the amplitudes are added coherently, has a significant contribution to the cross section (not explicitly shown here). The impact of each resonance considered in this work on the total contribution has been explicitly discussed in Fig. 5 .
In Fig. 4 , we show σ vs. W in the threshold region for W < 1.72 GeV and compare the present results with the experimental results available from CLAS 2006 [9] , SAPHIR 2004 [8] and SAPHIR 1998 [7] . A very good agreement between our numerical results with the experimental results from CLAS 2006 [9] , SAPHIR 2004 [8] and SAPHIR 1998 [7] may be observed in the region of W < 1.72 GeV. For comparison, the theoretical results in some other models viz. the Regge model [65, 66] , BS3 model [18] , Saclay-Lyon model [28, 30] , Kaon-MAID model [42] , Ghent model A [19, 43, 44] and BS1 model [17] , are also shown.
In Fig. 5 , we show the results of σ vs. W for W < 2.6 GeV and also depict the effect of individual contributions from the various s channel resonances considered in the present work. The experimental data from CLAS 2006 [9] , SAPHIR 2004 [8] and SAPHIR 1998 [7] , and the results of the full model of the present work are also presented for comparison. The incoherent contribution of the resonances is comparatively low as compared to the total cross section but the interference of the s channel resonance contribution with the background terms when all the amplitudes are added coherently, significantly increases the cross section. We have also presented in this figure the results of the full model when a particular resonance is switched off. The comparison of the results of the full model with the result when a particular resonance is switched off shows the significance of that particular resonance. One may observe from the figure that P 11 resonances, i.e. P 11 (1710) and P 11 (1880) have a significant effect on the cross section in the region W = 1.61 − 2.2 GeV which becomes small for W > 2.2 GeV. The absence of P 11 (1710) reduces the first peak by 38% while the second peak is reduced by ∼ 7%. The effect of P 11 (1880) is smaller than the effect of P 11 (1710) but is still considerable. The effect of P 11 (1880) is small in the first peak region than in the second peak region where it reduces the cross section by ∼ 10%. P 13 (1720) and P 13 (1900) resonances are important for the KΛ production at all values of W except at low W < 1.7 GeV. It must be noted that when the contribution from P 13 (1720) resonance is excluded, the results are in a good agreement with SAPHIR data. Although the first peak is not much affected by the absence of the P 13 (1720) resonance, the second peak is suppressed by 20% as well as it is shifted from W = 1.94 GeV to W = 1.9 GeV. P 13 (1900) resonance plays very significant role in the KΛ production cross section in the entire region of W beyond W ≥ 1.7 GeV. However, the cross sections in the first peak region is not much affected by this resonance but the cross sections are highly underestimated in the region of high W ≥ 1.75 GeV. It must be pointed out that beyond W > 1.7 GeV, P 13 (1900) has the most dominant contribution followed by P 13 (1720) resonance. The two S 11 resonances, viz. S 11 (1650) and S 11 (1895), have very small effect on the total cross section.
Our results are in a good agreement with SAPHIR 1998 and SAPHIR 2004 data (which are consistent with each other) in the range W = 1.61−1.9 GeV and W = 2.1−2.4 GeV as well as with CLAS data in the range W = 1.61−1.75 GeV and W = 1.9 − 2.5 GeV. However, in the region W = 1.75 − 1.9 GeV, our results show a prominent dip at W ≈ 1.8 GeV, which is consistent with SAPHIR but not with CLAS. It must be pointed out that we have considered only those nucleon resonances which are well established and are present in PDG and have known branching ratios for decay in KΛ mode. Therefore, the region of W ≈ 1.8 GeV may indicate the existence of some other resonances which are yet to be observed experimentally. When we compare our results with the experimental data, we observe that: i) In the first peak region, our results are in a good agreement with CLAS as well as SAPHIR data. ii) In the second peak region, there is a disagreement between CLAS and SAPHIR data and our numerical results are consistent with CLAS data.
iii) At high W region, CLAS and SAPHIR data are in reasonably good agreement with each other and the present results in our model explain the data very well.
iv) As the CM energy increases from W = 1.75 to W = 1.9 GeV, where CLAS and SAPHIR data are not consistent with each other, the results of the present work are closer to SAPHIR data.
To compare our results with some of the other theoretical results available in literature in Fig. 6 , we have presented the results for σ vs. W for the process γ + p → K + + Λ, where we have shown the results available from the different theoretical models like Regge model [65, 66] , BS3 model [18] , Saclay-Lyon model [28, 30] , Kaon-MAID model [42] , Ghent model A [19, 43, 44] and BS1 model [17] . For completeness, we have also shown the experimental data from CLAS 2006 [9] , SAPHIR 2004 [8] and SAPHIR 1998 [7] . The Regge model over predicts the experimental data at all W from 1.61 to 2.6 GeV. There is only one broad peak at around W ∼ 1.8 GeV in the Regge model and the model does not explain the experimental data from CLAS as well as from SAPHIR which show two peaks at W = 1.7 and 1.9 GeV. Except the Ghent model A, all the other models like Saclay-Lyon, Kaon-MAID, BS1 and BS3 show that, at high W , the cross section increases with W , which is not supported by the experimental data. However, the Ghent model A as well as the present work (even at W = 2.6 GeV) do not show any increase. As pointed out in Ref. [17] , this increase comes mainly from the background part of the amplitude. Also, this increase of the total scattering cross section is model dependent. For example, the SL [28, 30] model starts increasing from W ∼ 2 GeV while the Kaon-MAID model starts increasing beyond W ∼ 2.1 GeV. In the BS1 and BS3 models, the cross section increases for W > 2.3 GeV.
B. Differential scattering cross section
We have presented our results for the differential scattering cross sections and compared them with the experimental data available from CLAS and SAPHIR. In Fig. 7 , we have presented the results for dσ/d cos θ CM k as a function of cos θ CM k at fixed W ranging from 1.625 − 1.895 GeV in the interval of 10 MeV for the KΛ photoproduction process. The present result is also compared with the experimental results available from CLAS 2010 [10] , CLAS 2006 [9] , SAPHIR 2004 [8] and SAPHIR 1998 [7] . In the low W region, i.e., from the threshold up to W = 1.695 GeV, our results are in a fair agreement with the available experimental data. In the region of W from 1.705 − 1.895 GeV, our results in the forward region are in agreement with SAPHIR data but not with CLAS data. CLAS 2006 and CLAS 2010 data are not in agreement with each other and the results obtained using the model discussed in this work favor SAPHIR experimental observations.
IV. SUMMARY AND CONCLUSIONS
In this work, we have presented a new version of the isobar model based on the chiral SU(3) symmetry, to study the photoproduction of KΛ from the proton. The results are presented for the total scattering cross section as a function of CM energy W and the differential scattering cross sections for various values of W in the region of few GeV of photon energy E γ ≤ 3 GeV. These results are compared with the experimental data available from CLAS [9, 10] and SAPHIR [7, 8] and are found to be in a good agreement with the experimental data except in the region 1.75 GeV< W < 1.9 GeV. The results are also compared with the results in various theoretical models available in the literature like the Regge [65, 66] , Saclay-Lyon [28, 30] , Kaon-MAID [42] , BS1 [17] and BS3 [18] models.
The non-resonant terms are obtained using the non-linear σ model in which the contact term appears quite naturally with the strength of its couplings predicted by the model. The different diagrams contributing to the non-resonant terms are: the s, t and u channels and the contact term. The various meson-nucleon-hyperon couplings in the nonresonant terms viz. g KN Λ and g KN Σ , are obtained in the non-linear σ model with chiral SU(3) symmetry. The hadronic form factors at the strong vertices are introduced to take the hadronic structure into account. For the contact term, the prescription of the form factor given by Davidson and Workman [81] is used to maintain the gauge invariance.
We have also considered nucleon, kaon and hyperon resonance exchanges in the s, t and u channels. The nucleon resonances with spin ≤ 3 2 and mass in the range 1.6 − 1.9 GeV, which are present in PDG having branching ratio in KΛ are considered in the present work. The electromagnetic couplings of the various nucleon resonances are obtained in terms of the helicity amplitudes given in MAID [72] and PDG [71] . The strong couplings at RKΛ vertices are obtained from the partial decay width of the resonance decaying to KΛ. Kaon resonances viz. K * and K 1 having spin 1, are considered in the t channel and spin 1 2 lambda resonances viz. Λ * (1405) and Λ * (1800) are considered in the u channel. Since the experimental information about the kaon and hyperon resonances is not adequate to determine its electromagnetic and strong couplings phenomenologically, therefore, the couplings for these resonances are fitted to reproduce the experimental data available from CLAS and SAPHIR.
We summarize the results of the present study in the following:
(i) Our results explain very well the threshold region and the role of the non-resonant terms are quite significant up to W ∼ 1.7 GeV. Moreover, the contact term, which occurs quite naturally in our model, has the most dominant contribution and important role in explaining the data in this region.
(ii) The results of the full model for the total scattering cross section are in good agreement with the experimental data of SAPHIR as well as CLAS experiments, in a wide region of W considered in this work, i.e., from the threshold up to 1.75 GeV and from 1.9 to 2.6 GeV, except for a narrow range of W i.e. 1.75-1.9 GeV.
(iii) Among the resonance contribution, at low W , the contribution of P 11 (1710) is found to be significant although it is not considered in most of the isobar models, followed by P 13 (1720) resonance in the entire region of W . However, in the region of high W (> 1.8 GeV), P 13 (1900) plays very important role. The S 11 resonances viz. S 11 (1650) and S 11 (1895) have small contribution to the cross section.
(iv) We find that the P 13 (1720) resonance makes a significant contribution to the cross section for W 1.8 GeV. We would like to emphasize the intriguing role of P 13 (1720) resonance. When this resonance is taken into account, the results are closer to CLAS data and when this resonance is switched off, the results become closer to SAPHIR data in the region W > 1.8 GeV, where both the data do not agree with each other.
(v) Our results for the angular distribution are in fair agreement with the experimental data especially in the threshold region.
To conclude, the present study of the KΛ production induced by photons may be quite useful in the planned experiments at TJNAF, SPring-8 and MAMI in this energy region. In future, we plan to extend this model to study the electro-and weak-production of associated particles (KY ) induced by electrons and (anti)neutrinos relevant for future experiments at ESRF, MAMI, ELSA and TJNAF in the case of electrons and at MINERvA, NOvA, T2KK and DUNE in the case of (anti)neutrinos.
